Introduction
The central demographic problem of modern nephrology is the rapid increase in the number of patients with advanced renal disease ultimately requiring renal replacement therapy (RRT). In the UK in the 1980s the annual acceptance rate of new patients for RRT was 20 per million of population but had escalated to 113 per million of population by 2006. In 2003, 28,037 patients were receiving RRT in the UK, rising to 43,901 by the end of 2006. Whether this rising acceptance rate is being driven by an increase in the prevalence of pre-end-stage chronic kidney disease (CKD) is unknown. The median age of patients on RRT has also increased from 54.3 years in 1998 to 57.1 years in 2006 [1] . Data from the United States Renal Data System show similar trends in the incidence and prevalence of RRT in the USA over the same period.
A growing burden arising from this increase is the poor physical function of this aging patient population, culminating in markedly increased morbidity and mortality, particularly from cardiovascular disease [2] . Patients with end-stage renal disease (ESRD) receiving maintenance haemodialysis (HD) have a considerably lower exercise tolerance, functional capacity, endurance and strength, and more muscle wasting than healthy subjects or patients with less severe CKD who do not yet need RRT [3, 4] . Physical fitness is also poor in peritoneal di-c8 alysis patients, although the infusion of dialysis fluid into the peritoneal cavity does not by itself seem to affect physical capacity [5] . In a large observational study, reduced exercise capacity was found to be associated with poorer survival in ambulatory ESRD patients [6] and the accompanying muscle wasting and changes in body composition are well-established predictors of increased mortality in ESRD [7] and in HD patients [8] . Low levels of physical activity in ESRD can also lead to obesity which, in the context of muscle wasting, is associated with inflammation and is a negative predictor of survival [9] . As shown in a recent minireview in this series, obesity is also a major risk factor for further progression of CKD [10] .
Patients with a range of chronic medical conditions other than CKD also suffer from poor physical performance and muscle wasting, and there is mounting evidence of beneficial effects of exercise in these conditions [11] [12] [13] [14] [15] [16] . Such conditions include congestive heart failure and coronary artery disease [11] , cerebrovascular disease [12] , peripheral vascular disease (PVD) [13] , chronic obstructive pulmonary disease (COPD) [14] , asthma [15] and cancer [16] . This review now describes the potential impact of exercise therapy in advanced CKD, specifically: (1) the major factors leading to poor physical function, (2) the effects of exercise, (3) techniques for measuring aerobic exercise capacity, muscle volume and strength, and physical functioning, 4) practical methods for applying exercise therapy, and (5) the limitations on exercise therapy.
Factors Leading to Poor Physical Function in CKD

Inactivity
In patients with CKD and ESRD the 3 broad factors of kidney failure itself (with its associated malaise), side effects of the RRT, and worsening co-morbidity combine to discourage physical activity. Inactivity is therefore regarded as a major factor leading to impaired physical condition, reduced exercise capacity and ultimately muscle wasting [17] . HD patients are significantly less active than sedentary age-matched controls [18] and their physical activity declines by up to 3.4% each month after initiation of dialysis [19] . Lack of physical activity is a negative prognostic factor for survival in HD; sedentary HD patients have a 62% greater mortality risk at 1 year compared to those who are more active [20] . Mortality risks are greater for those with severe limitations in moderate physical activities compared with those reporting minimal or no limitations, and are lower in patients who exercise regularly [21] .
Functional and Structural Muscle Abnormalities
Advanced CKD is associated with protein wasting (cachexia), especially affecting skeletal muscle, both as a result of impaired protein synthesis [22] and increased protein degradation [23] . There is a gradual increase in muscle wasting as kidney function deteriorates towards the need for RRT [22] , and defective protein metabolism is observed in those treated with regular dialysis [23] suggesting that both renal failure itself and the dialysis process contribute to this catabolic state [24, 25] . Specifically HD has been shown to promote muscle and whole body protein degradation [24, 26] . Chronic metabolic acidosis (which occurs in nearly all patients with advanced CKD) contributes to this increased protein degradation [23] by activation of the ubiquitin-proteasome pathway [27] , possibly initiated by impairing the transport and utilization of amino acids [28] . Even though the muscle atrophy that arises from this protein wasting is a significant contributor to reduced strength and reduced ability to generate force (myopathy), it is important to note that impaired activation of the motor neurons by the central nervous system (central activation failure) also contributes to the problem [29] .
Patients on dialysis also have an intrinsic functional defect in mitochondrial energy metabolism in their skeletal muscle [30] , which means that, after exercise, they have lower intramuscular phosphocreatine (PCr) and pH, and a higher inorganic phosphate/PCr ratio than is observed in control subjects [4, 30] . This deficient mitochondrial energy metabolism means that the rate of production of high energy organophosphorus compounds (ATP and PCr) following exercise is impaired, leading to slower functional recovery from a bout of muscle contraction. These patients also have increased lipid peroxidation (an indicator of increased production of toxic free radicals from mitochondria) [31] , lower levels of muscle total carnitine, which is a cofactor for the transport of long-chain fatty acid fuels into the mitochondria [32] , and impaired extrarenal potassium regulation which may contribute to early muscle fatigue during exercise [33] .
At structural level, measurements performed in nonlocomotor muscles (to avoid the potential confounding effect of inactivity) have shown significant atrophy of all muscle fibre types, and reduced fibre capillarization in advanced CKD compared to healthy controls [34] . Skeletal muscles from patients with CKD show multiple structural abnormalities including fibre splitting and degeneration and increased numbers of lipid droplets by light microscopy, and mitochondrial changes, Z-band degeneration, myofilament loss, and accumulation of intracellular glycogen by electron microscopy [35] . 
Inflammation
While renal failure itself is a pro-inflammatory state, this problem is further aggravated by HD. Elevated circulating concentrations of inflammatory markers, notably C-reactive protein and interleukin-6 (IL-6), are observed in HD patients and show an inverse correlation with thigh muscle mass [36] . Net output of IL-6 from muscle during HD is thought to be a particularly important stimulus for muscle protein wasting [25] . In part, this may arise from the resulting resistance to the anabolic effects of insulin or insulin-like growth factors [37] that occurs in the skeletal muscle of patients with advanced CKD; resistance which recent studies in mice suggest arises from the action of IL-6 [38] .
Blood Flow and Anaemia
Dialysis patients at rest do not show significant differences in their muscle blood flow compared to control subjects; nevertheless, their muscle blood flow rises significantly less than in control subjects during both submaximal and maximal exercise [39] . Patients with advanced CKD are anaemic [40] as a result of multiple factors (including inability to produce erythropoietin, and reduced erythrocyte survival). The degree of anaemia in these patients is associated with reduced aerobic and anaerobic exercise capacity [41] . Increases in haemoglobin concentration following erythropoietin therapy correlate with improvements in aerobic performance [42] , although full exercise tolerance is not regained after restoring normal or near-normal haemoglobin concentrations [43] .
The Effects of Exercise
In dialysis patients, both aerobic (endurance) exercise and resistance exercise have demonstrable effects. A comprehensive tabulation of such studies, including the type of exercise, the timing relative to the dialysis session and the resulting effects on physiological function, has been published [44] . Intradialytic aerobic exercise leads to a significant increase in aerobic exercise capacity and duration of exercise [45] . In a systematic review of 29 clinical trials, it was shown that physical condition was significantly improved following the use of aerobic training [44] . Resistance training increases strength and functional capacity in patients with advanced CKD (shown by increases in the peak torque of quadriceps muscle, the distance covered during a 6-min walk test, maximal walking speed, and improved performance in a sit-tostand test [46] . (These functional tests are explained further in the section on 'The assessment of exercise capacity'.) Further specific benefits of exercise are discussed below.
Muscle Structure and Function
Histologically, resistance training in advanced CKD has been shown to lead to skeletal muscle hypertrophy, demonstrated by reduced numbers of atrophic fibres, and significant increases in type I, type IIa and type IIx muscle fibre cross-sectional areas [47] . After an aerobic exercise programme, muscle strength, power and fatigability in patients with advanced CKD improved significantly, indicating that aerobic exercise exerted effects comparable with those of resistance training. Such effects on muscle are not a general feature of aerobic exercise but are thought to be manifested in advanced CKD because of the generally poor initial physical state of the patients and their consequent large potential for improvement [48] .
Cardiac Function
After 6 months of supervised aerobic training there were significant increases in ejection fraction (by 14% compared to the pretraining levels), in systolic volume index (by 14%) and in cardiac output index (by 73%) compared to an unsupervised group and control non-exercising patients with advanced CKD [49] . Exercise training in these patients caused favourable left ventricular functional adaptations, increased cardiac vagal activity, decreased sympathetic overactivity at rest and reduced the incidence of cardiac arrhythmias [50] .
Blood Pressure and Other Cardiovascular Risk Factors
An intradialytic aerobic exercise programme with exercise bicycles in HD patients was associated with significant reduction in intra-and interdialytic systolic and diastolic blood pressure [51] , and 4 months of aerobic training in a group of predialysis patients led to a significant reduction of systolic and diastolic blood pressure. The positive effect was reversed completely 2 months after training ceased [52] . The reduction in the blood pressure can lead to a significant reduction in the number of prescribed antihypertensive drugs with a reported cost saving in one study of 885 USD per patient per year [53] . Similar beneficial effects on blood pressure control have been reported in other studies of patients with advanced CKD [54, 55] but this was not observed in an early study in the maintenance HD patients [56] , possibly because of poor compliance with the exercise programme.
Aerobic exercise training in patients with advanced CKD also reduced very low-density lipoprotein and tri-c10 glyceride levels and increase high-density lipoprotein levels [57] . It also improved arterial stiffness, an effect that had reversed by 1 month after training had ceased [58] .
Glycaemic Control and Insulin Resistance
In view of the high proportion of CKD patients who also have diabetes mellitus, an important consideration is whether exercise has any beneficial effect on control of blood glucose. A meta-analysis of 103 studies in type 2 diabetes demonstrated significant improvement in glycaemic control [59] . A similar analysis has not been performed specifically in diabetic CKD patients, but aerobic exercise has been reported to improve insulin resistance in patients with advanced CKD [57] , although a more recent study failed to detect this [58] .
HD Efficiency
Two studies have shown a significant increase in HD efficiency with intradialytic exercise [60, 61] . In a 5-month aerobic exercise programme during the HD session, a significant (11%) increase in dialysis efficiency expressed as SpKt/V was detected at the end of the 1st month, and persisted (18-19% increase) for the duration of the study [60] . After an HD session, urea, creatinine, potassium and uraemic toxins are slowly transferred from the relatively poorly perfused tissues (especially inactive muscles) to the circulation, giving rise to a postdialysis 'rebound' of the concentrations in circulation. A single bout of exercise reduced the rebound of urea, creatinine and potassium, possibly because of increased perfusion of skeletal muscle [62] . Increased dialytic removal of phosphate achieved with intradialytic exercise may also improve subsequent control of serum phosphate which is often a challenging goal for dialysis patients [63] . A possible contributor to these beneficial effects on potassium and phosphate is the shift of these ions from the intracellular compartment into muscle interstitial fluid that occurs during exercise [64] . Furthermore, regular handgrip training increased the diameters of forearm vessels and improved endotheliumdependent vasodilatation, an effect that can be beneficial before the creation of vascular access for HD [65] .
Psychological Adaptations, Quality of Life and Nutrition
Beck's Depression Index was decreased after an aerobic training programme in patients with various levels of advanced CKD [66] , and in HD patients undergoing an intradialytic exercise programme [67] . The most severely depressed patients had the greatest beneficial effects from exercise training, in parallel to significant improvements in quality of life parameters [66] . In other studies, exercise programmes improved anxiety symptoms as well as the physical and mental health scores of the SF-36 quality of life scale [61, 68] ; appetite as well as calorie and protein intake were increased in patients with advanced CKD on HD throughout an aerobic exercise programme performed during the HD session [69] .
The Assessment of Exercise Capacity: Measuring Aerobic Exercise Capacity, Muscle Volume and Strength, and Physical Functioning
Before starting exercise therapy, patients are evaluated to define their suitability for exercise and to tailor individualized exercise prescriptions. Subsequent monitoring is also required to assess the effectiveness of the therapy. Evaluation methods range from self-reported questionnaires to rigorous laboratory measures [reviewed in 70 ] . The principal methods are summarized below.
Exercise Tolerance Tests
The gold standard test for aerobic capacity is the VO 2 max test measuring the maximal amount of oxygen that can be consumed in response to increasing levels of exercise. In deconditioned patients with limited ability to exercise, this test can be difficult to perform satisfactorily, so the VO 2 peak test is substituted. This measures the highest possible oxygen consumption in a symptom-limited test. Exercise duration, VO 2 max or VO 2 peak , minute ventilation, maximum work rate, acid-base status, blood lactate and carbon dioxide production can all be measured during an exercise test on a treadmill or cycle ergometer [71] . Less than 50% of dialysis patients are initially able to perform such an exercise test, and those who can complete it may achieve only 57 8 20% of age-and gender-predicted values [72] .
Functional Capacity Tests
Tests regularly used to assess the effects of exercise programmes in CKD patients are the 6-min walk test [73] and sit-to-stand tests (STS). STS5 (the time taken to complete 5 sit-to-stand-to-sit cycles) is a surrogate measure of muscle power and STS60 (number of sit-to-stand-to-sit cycles in 60 s) is a surrogate measure of muscular endurance [3] . Although widely used, these tests have not been fully validated in CKD patients. In contrast the North Staffordshire Royal Infirmary walk test (NSRI walk), a combination of walking, stair climbing and descending, has been validated in non-anaemic maintenance dialysis patients [74] and has been found to correlate with VO 2 peak . It is therefore considered to be a good proxy measure.
Neuromuscular Function Tests
Muscle strength is usually measured as peak force by isokinetic dynamometry [75] and peak torque [76] , and absolute muscle strength using 1 repetition maximum [77] (the maximum weight that can be lifted in a single repetition of a given exercise).
Muscle Composition and Structure
A cross-sectional area of muscle and fat can be measured from a standardized multislice computed tomography or magnetic resonance imaging scan of a section of the thigh. The changes in fat and muscle volume in this section are indicators of the relative changes in the proportion of fat and muscle volume in the whole body [78] . Alternative methods for estimating composition changes after an exercise programme are measurements of bio-impedance [51] and dual energy x-ray analysis scanning [79] . Muscle biopsies can also be taken from the vastus lateralis or the median portion of the gastrocnemius muscle before and after an exercise rehabilitation programme and be examined for morphometric changes (e.g. the proportion of each muscle fibre type and the muscle fibre area) [77, 80] and metabolic changes (e.g. glycogen accumulation) [47] .
Practical Methods for Applying Exercise Therapy
Recommendations
The recently published UK National Institute for Health and Clinical Excellence (NICE) guidelines for early identification and management of CKD in adults in primary and secondary care include a recommendation to 'encourage people with CKD to take exercise' [81] . In spite of mounting evidence of beneficial effects of exercise in CKD, there are currently no specific exercise guidelines for this population. However, the exercise data in CKD (reviewed above) and current recommendations for healthy people and other chronic disease groups can be used for guidance. For example, Johansen [82] suggested that the recommendations for older adults (65 years and above) and adults aged 50-64 years with clinically significant chronic conditions and/or functional limitations, published in 2007 by the American College of Sports Medicine and the American Heart Association [83] , can be applied to patients with advanced CKD. In practice this means that patients for whom exercise is not contraindicated should be instructed to start a routine of physical activity that is appropriate to their individual level of fitness, and safe for their clinical condition. The training regimen should include aerobic, resistance and flexibility activities. Aerobic exercise training should build up to at least 30 min of moderate intensity exercise on 5 days per week using a gradual approach. For the severely deconditioned patients it may be necessary to initiate exercise at a lower intensity, to accumulate multiple bouts of exercise of shorter duration (about 10 min) rather than a single continuous bout and/or to exercise on fewer days per week. Resistance exercise training should also follow a gradual approach and be performed at least twice per week on non-consecutive days and include exercises for the major muscle groups. Flexibility exercises should preferably be performed on all days that aerobic and resistance training is performed.
Monitoring and Tailoring Exercise Therapy
The rating of perceived exertion using the Borg scale is recommended for controlling the intensity of training [52] . The rating of perceived exertion is a subjective feeling scale that allows the patient to report the perceived intensity of aerobic exercise [84] . For CKD patients, a suitable exercise intensity is 12-16 on the Borg scale [84] . At moderate exercise intensity like this, significant improvements in exercise capacity occur, but may be manifested only slowly (typically after about 12 weeks) [45] .
In view of local variation in treatment regimes, and variation in co-morbidities, exercise prescriptions for HD and peritoneal dialysis patients need to be tailored individually [85] . Three basic methods of exercise programme delivery have been applied in patients with advanced CKD: (1) a supervised outpatient programme in a rehabilitation centre, (2) a home exercise rehabilitation programme, and (3) exercise during the HD session (intradialytic) [50, 60] .
In terms of ensuring the prescribed intensity and duration of exercise, the supervised outpatient programme is the most effective, but it is associated with the highest dropout rates [86] . For intradialytic exercise, it is safer to train during the first 2 h of the HD session because, after 2 h of dialysis, shifting of fluid from the microvasculature to the interstitium during exercise can cause a rapid reduction in relative blood volume [87] with accompanying cardiovascular decompensation which may preclude further exercise.
Exercise programmes have been combined successfully with other therapeutic measures. In one study, 79 HD patients followed a programme of resistance training with or without anabolic steroids. The steroids signifi-c12 cantly increased lean body mass with an additive effect on top of that of resistance exercise alone [88] . In another study Pupim et al. [89] demonstrated that intradialytic parenteral nutrition combined with aerobic exercise increased protein synthesis and reduced the rate of proteolysis significantly more than intradialytic parenteral nutrition alone.
Limitations on Exercise Therapy
Even though exercise programmes for patients with advanced CKD were first introduced 3 decades ago [90] their use in the care of people with advanced kidney disease is still not widespread. This is in spite of positive achievements with therapeutic exercise in other chronic disease settings, notably in COPD [91] . One limitation is that, even when such programmes are available, the uptake by CKD patients is low. A likely contributor is that the exercise protocols currently available have often been developed for research studies and are therefore unsuitable for many chronically sick CKD patients with significant co-morbid conditions which need to be monitored. The dropout rate from such research studies can be high: between 30 and 50% of participants may abandon the exercise depending on the type of exercise offered. For example, out of 34 patients initially recruited for a study of the effect of 6 months of aerobic training on a cycle ergometer, 18 managed to complete the exercise programme and, of these, 2 failed to show any detectable improvement in VO 2 peak after training [92] . The equally important issue of the rate of relapse of patients into an inactive lifestyle at the end of an exercise research programme has not been studied intensively, but it has been reported that increased activity persisted approximately 19 months after the programme ended in 9 out of 13 HD patients who completed a 6-month walking exercise study [93] .
It is important also to consider why many renal units offer no exercise therapy at all. This is not a reflection of adverse events in CKD patients during exercise. These are rare provided that patients with clear contraindications for exercise are excluded, i.e. unstable hypertension, potentially lethal arrhythmias (including sustained ventricular tachycardia or atrial fibrillation), recent myocardial infarction, unstable angina, active liver disease, uncontrolled diabetes mellitus, advanced cerebral or PVD, and persistent hyperkalaemia before dialysis [94] . Data from the UK Renal Registry [95] indicate that the frequency of such potentially disqualifying co-morbidities reported in incident RRT patients in the UK in the period 2002-2007 was 2.6% for recent ( ! 3 months) myocardial infarction, 15.3% for angina, 2.3% for liver disease, 29.1% for diabetes, and 9.8% for cerebrovascular disease. Furthermore, 7.6% had reported claudication, 3.1% had ischaemic/neuropathic ulcers, 3.3% had received angioplasty/vascular graft, and 1.8% were amputees. Assessing the total percentage of disqualified patients from these figures is complicated by the fact that more than one of these co-morbidities may be present in a given patient, but it should be noted that 47.6% of the patients in this study had no reported co-morbidity. In principle, therefore, at least half of the patient population approaching RRT is eligible for carefully designed exercise therapy combining aerobic and resistance training in the appropriate frequency and intensity. Most of the remainder seem to have clear indications for cardiovascular rehabilitation.
It is important to emphasize that age per se is not a disqualifying factor and that beneficial effects of exercise to reverse age-related sarcopenia are observable even in the frail elderly [reviewed in 96 ]. However, an important age-related limitation is that disqualifying co-morbidities increase in frequency with age: for example in the UK Renal Registry data [see fig. 6 .3 in 95 ] the prevalence of PVD amongst incident patients starting RRT in the 65-74 age group was twice that in the 45-54 age group, and a numerically similar effect of age was observed for other co-morbidities [95] . Similar limitations on exercise and physical activity associated with age and PVD have been described in patients with ESRD in the USA [97] with PVD prevalence rates ranging from 17 to 48%, depending on the ESRD population studied and the diagnostic methods used [98] . The high prevalence (6%) and incidence (2.0 events/100 patient-years at risk) of amputation in HD patients [99] also shows a marked dependence on increasing age [100] .
Even though the definition of 'adverse events' varies between the published trials, these have reported few clinical complications. A meta-analysis showed that the commonest, and rather rare, complication in patients exercising during dialysis is hypotension [44] . In an intradialytic exercise programme in Germany, after more than 50,000 individual exercise sessions, the complications were merely some cases of leg cramps, with no severe cardiovascular complications [101] . This conclusion is reinforced by the results of another programme in North Staffordshire, UK: after more than 4,000 individual intradialytic exercise sessions and over 300 peak exercise tests, there was only 1 case of clinically severe autonomic dysregulation [101] . Diabetic patients may have an increased risk of such autonomic dysregulation [102] c13 but, in a group of African-American men identified as at increased risk of diabetes, the long-term effect of resistance exercise was shown to be suppression of autonomic dysregulation [103] . Furthermore, even though patients with renal failure frequently present with co-morbidities such as coronary artery disease, cerebrovascular disease, PVD, COPD, and cancer [1, 95] , and these may contribute to physical inactivity, these do not necessarily exclude the patients from appropriate exercise programmes. Indeed, such programmes have been shown to be beneficial in each of these co-morbid conditions [11] [12] [13] [14] [15] [16] .
Conclusions
While there are still no large randomized controlled trials evaluating the survival benefits of exercise, in our opinion, the evidence reviewed above justifies the regular use of exercise programmes in patients with advanced CKD. The correlation of increased mortality with low physical activity, low muscle mass and reduced physical functioning provides a clear rationale for exercise in this group of patients. It should be emphasized that the most frail and incapacitated patients are probably those most in need of physical rehabilitation as a part of their clinical care. Furthermore, there are likely to be significant gains for healthcare systems, by reducing the collateral costs of CKD patients who, because of deconditioning, require assisted transport and interventions by nurses, physiotherapists and other staff to improve mobility, and have an increased risk of falls and associated complications. Such cost savings may in the long term overcome the financial limitations which tend to impede the introduction of exercise as a routine measure in renal units.
There is clearly a pressing need for high-quality grade A evidence from randomized controlled trials in this field to settle the question of whether physical inactivity causes increased mortality in these patients or is just an indicator of poor general condition that increases mortality risk. The importance of this question can only increase in view of the rising incidence of CKD.
